The Shockley and Queisser limit, a well-known efficiency limit for a solar cell, is based on unrealistic physical assumptions and its maximum limit is seriously overestimated.
I. INTRODUCTION
More than a half century ago, Shockley and Queisser developed a new theory that predicts the ultimate limit of solar cell conversion efficiency [1] . This physical model is based on a simple and straightforward assumption; one photon generates one electron and hole pair in a p-n junction solar cell at thermal equilibrium. Remarkably, the Shockley−Queisser efficiency limit (SQ limit) is estimated by considering only one physical quantity, namely, the band gap (E g ) of light absorber at room temperature.
In the last 50 years, the SQ limit has been adopted quite extensively as an absolute criterion that sets the maximum possible limit of the solar cell efficiency and, quite often, the performances of world-record solar cells are compared with those defined by the SQ limits [2] [3] [4] . However, despite the substantial research efforts that continued for the last five decades, the conversion efficiencies of the record-efficiency single cells (η ≤ 29.1% in Ref. [5] ) are still significantly inferior to the maximum SQ efficiency of 34% obtained at E g ~ 1.4 eV [2] [3] [4] .
Nevertheless, the lower conversion efficiencies observed in experimental cells are, in part, due to the overestimation of the efficiency limit in the SQ model, which is based on unrealistic physical assumptions that can never be achieved in the real world.
Specifically, the SQ theory assumes infinite thickness of the light absorber with absolutely zero light reflection (i.e., a perfect blackbody absorber). The zero light reflection occurs only when the refractive index (n) of the p-n diode is one with no light absorption [i.e., extinction coefficient (k) is zero], whereas conventional absorbers show n = 3 ~ 4 with k > 0. Thus, the SQ model is highly hypothetical in the optical point of view. Because of its simplicity, this model does not account for the unfavorable parasitic light absorption induced by transparent conductive oxide (TCO) and rear metal electrodes. In the model, the shadow loss (~5%) caused by the front metal-grid electrode is also neglected. Under the simple assumption of the SQ model, the short-circuit current density (J sc ) is seriously overestimated compared with experimental solar cells.
A step-function variation of light absorption at E = E g , assumed in the SQ model, further contributes to overestimating the open-circuit voltage (V oc ) [6] [7] [8] . In particular, almost all the semiconductor materials show a finite absorption tail owing to the presence of the tail states [9] . Some studies have already pointed out that the tail absorption deteriorates V oc rather significantly owing to the increase in the saturation current density J 0 [6, 8] . In fact, quite a clear correlation between the V oc loss and the tail absorption has already been reported in experimental solar cells [10] . Accordingly, the SQ limit is expected to show substantially higher efficiencies compared with experimental solar cells that have vital limitations, including finite absorber thickness and a nonideal absorption edge. To critically understand the performance limitation of record-efficiency solar cells, a more rigorous evaluation method that can replace the simple SQ model is necessary. So far, to determine the limiting efficiencies of thin-film-based solar cells, only simple calculations have been performed [6, [11] [12] [13] .
In this paper, we report the development of a new approach that incorporates all the physical and optical aspects of real-world solar cells by advancing the SQ model. In particular, we have evaluated theoretical efficiency limits for a perfectly realizable thin-film solar cell structure (thin-film quantum efficiency limit; QE limit) by adopting true absorption characteristic of the light absorbers. The optical confinement effects due to texture, antireflection coating and backside reflection are fully incorporated into our model. To estimate the thermal balance limit in a nonblackbody cell, strict polarizationand angle-dependent calculation was implemented. Our QE-limit evaluations show that over 30% efficiencies can be realized in 1-µm-thick solar cells with light absorbers having sharp absorption edges. Our potential efficiency calculations in the thin-film configuration further allow us to accurately evaluate the performance limiting factors of record-efficiency photovoltaic devices.
II. PHYSICAL MODEL

A. Concept of thin-film limit
Figure 1(a) shows a physical model assumed in the SQ limit calculation. In this model, a p-n homojunction cell having infinite thickness is assumed while forcing the reflectance R of this hypothetical structure to zero (i.e., R = 0). In our thin-film concept [ Fig. 1(b) ], we considered a quite general layer-stacked structure of TCO/absorber (p-n layers)/metal (Ag) with a total absorber-layer thickness of 1 µm. In the structure, a dual antireflection coating of MgF 2 /Al 2 O 3 is further considered to suppress R and is optimized for different solar cells (see Supplementary Table I for the exact layer thicknesses). In addition, for a front metal grid electrode, a shadow loss of 5% is further assumed.
In general, the presence of the TCO is problematic, because the free carrier absorption in the TCO deteriorates J sc rather significantly [14] . In our model, to
(a) Optical model adopted for the calculation of the SQ limit and (b) optical model assumed for the thin-film QE limit calculation. In (b), a total absorber thickness is assumed to be 1 µm.
suppress the parasitic absorption in the TCO, a high-mobility TCO layer with a mobility of 100 cm 2 /(Vs) at a carrier concentration of 2 × 10 20 cm -3 is assumed. Such high mobility has indeed been confirmed in H-doped In 2 O 3 [14] . The optical constants of the component layers in the structure of Fig. 1 (b) are taken from Ref. [9] , whereas those of the TCO were calculated by assuming the above mobility and carrier concentration using the Drude model. The optical spectra used in our calculations (Supplementary Figure 1 ) and their modeling parameters ( Supplementary Tables II-IV) are summarized in Supplementary Information.
B. Calculation Method
In our model, a thin-film solar cell with the structure shown in Fig. 1(b) is placed in a spherical cavity surrounded by a blackbody radiator ( Fig. 2 ) and J 0 is estimated by integrating the blackbody radiation (300 K) from all directions inside the cavity with an incident angle θ and a rotation angle φ. In the case of the SQ calculation, a planer p-n junction solar cell of Fig. 1(a) is placed inside the cavity. In the SQ theory, the solar cell is in a thermal equilibrium, which guarantees that the rate of photon emission is exactly the same as the rate of photon absorption.
The blackbody radiation for a wavelength λ at a temperature T is expressed by a well-known equation:
FIG. 2. Physical model for a thin-film solar cell placed in the cavity surrounded by a blackbody radiator.
where h, c and k are Plank's constant, the speed of light and Boltzmann's constant. The unit of γ BB is Wm -2 m -1 sr -1 and the insertion of T = 300 K into Eq. (1) gives γ BB at room temperature. The density of blackbody photons (ϕ BB ) with solid angle dθ and rotation angle dφ (see Fig. 2 ) is expressed by
= .
(
The cosθ in Eq. (2) indicates the projected area on the solar cell surface. In the case of the SQ theory that assumes a perfect blackbody, the integration of Eq. (2) is simplified greatly and the term of cosθsinθdθdφ in Eq. (2) becomes π.
Unlike the SQ theory, in our extended method used for the thin-film QE limit calculation, the effect of light reflection is fully incorporated. Because an imperfect blackbody cell with an exact thin-film structure is assumed, the light absorption and reflection are now incident-angle dependent. This further requires the polarization-dependent calculation for the incident light. Thus, a strict J 0 integration needs to be performed inside the cavity. Consequently, J 0 of the thin-film solar cells is determined by integrating the blackbody radiation from all the internal surface of the cavity using an exact formula: 
where ϕ BB (λ) = πλγ BB /(hc) and EQE(λ) shows the EQE spectrum of a solar cell at normal incidence (θ = 0 o ). The above simple equation has been applied widely to estimate approximate J 0 values of various solar cells in earlier studies [7, 8, [15] [16] [17] . In this case, however, the EQE calculation is made only at θ = 0 o and the angler effect in the configuration of Fig. 2 is neglected completely. In this study, therefore, we have also investigated the validity of such an assumption.
On the other hand, J sc of the solar cell is calculated according to a standard equation, which is similar to Eq. (4):
where ϕ sun (λ) indicates the photon density for the solar irradiance under AM1.5G
illumination. Once J sc and J 0 are obtained from the above procedures, the J-V curve of the corresponding solar cell can be obtained according to a standard formula:
from which V oc , FF and conversion efficiency are readily obtained. As known well, if J = 0 is assumed in Eq. (6), V oc can be obtained directly as V oc = (kT/q)ln(J sc /J 0 +1)
As a result, if J 0 deduced from Eq. (3) is applied, the maximum efficiency under the QE limit is deduced, while J 0 obtained from Eq. (4) with the assumptions of EQE(λ) = 1 (E ≥ E g ), EQE(λ) = 0 (E < E g ) and S = 0 leads to the SQ limit. It should be noted that, in the above theoretical calculation, the non-radiative recombination is neglected.
C. EQE Calculation
In thin-film based solar cells, the optical confinement is critical. In particular, an antireflection effect generated by surface textures is of significant importance to suppress the front light reflection. To fully incorporate all the possible optical effects generated in textured thin-film solar cells, the EQE was calculated based on the ARC approach [18] . In this method, the R spectrum of a textured structure (R tex ) is first evaluated by forcing antireflection conditions (ARC) in the calculation of a flat optical model and, by applying this R tex , the absorptance spectrum (i.e., EQE spectrum) of a textured light absorber is then estimated while assuming a flat layered structure. This quite simple method has been applied successfully to reproduce the optical response of numerous submicron-textured experimental cells, including CuInGaSe 2 (CIGSe) [18] , Cu 2 ZnSnSe 4 (CZTSe) [19] , Cu 2 ZnSnS 4 (CZTS) [19] , CuZnSn(S,Se) 4 (CZTSSe) [19] , indicates R obtained assuming a flat structure and the interference fringe appears in R flat .
In the ARC approach, the minimum R points in the R flat spectrum are linearly connected to express the antireflection effect in the texture. By employing the resulting reflectance spectrum (R tex ), the corresponding EQE spectrum is estimated assuming 100% carrier collection in the absorber layer.
Once the EQE spectrum is obtained, J 0 and J sc can further be obtained. Figure 3 
shows the EQE spectrum of the calculated CdTe cell, together with the photon density of the blackbody radiation at 300 K (ϕ BB ). As described in Eq. (4), the approximate J 0 value can be obtained by integrating the product of EQE(λ) and ϕ BB (λ). Because ϕ BB increases at low E, J 0 is primarily determined by the EQE response in the longer λ region. As a result, the longer-λ EQE response is directly linked to the maximum V oc obtainable through Eq. (7) . In our thin-film QE limit calculation, J 0 is not determined from a single EQE spectrum obtained at θ = 0 o but is evaluated strictly by performing the exact integration of the blackbody radiation shown in Fig. 2 . In the calculation of EQE p,s (λ,θ) using the ARC method, the small spikes that appear in the calculated R spectra were removed to obtain smooth-varying EQE spectra. The R tex is obtained by linearly connecting the minimum R points of R flat (blue circles).
The EQE spectrum is calculated by adopting R tex . In (b), the EQE spectrum of the CdTe solar cell and the photon density of the blackbody radiation at 300 K (ϕ BB ) are shown.
The approximated J 0 value of the solar cell is derived as the area surrounded by these two spectra.
In our EQE calculation, an absorber thickness of 1 µm is assumed. For the indirect-transition crystalline Si (c-Si) solar cell, however, the calculation was implemented by assuming an absorber thickness of 150 µm. For this calculation, the continuous phase approximation method [22] has been further applied to reproduce the incoherent optical response in a thick c-Si wafer. It should be noted that standard c-Si solar cells are made using a very large pyramid-type texture (~10 µm) [23] and its structure is completely different from the thin-film structure assumed in Fig. 1(b) . In this study, the calculation of the 150-µm-thick c-Si solar cell has been implemented based on the ARC approach to provide a complementary reference for comparison with other thin-film-based solar cells. For the accurate characterization of pyramid-textured c-Si solar cells, more exact approaches [23, 24] are necessary. Figure 4 summarizes the absorption-coefficient (α) spectra of 14 inorganic and hybrid perovskite absorber materials used for the calculations. All the α spectra were determined by high-precision characterization based on spectroscopic ellipsometry [9] but the α spectra in the low α region (α < 100 cm -1 ) have been determined by further combining other complementary techniques including transmission measurements.
D. Absorption spectra of light absorber
Moreover, the α spectra of the alloy semiconductors (CIGSe and CZTSSe) were derived based on the reported dielectric-function modeling methods [19, 25] . Although controversial optical data have been reported for CIGSe [26] and hybrid perovskites [20] , this controversy is found to originate from the effect of rough surface [27] and quite consistent optical characterization has been made to minimize the roughness effect in the result of Fig. 4 . Rather surprisingly, all the direct-transition semiconductors show similar α values of ~10 4 cm -1 in the band-edge region.
The closed circles in Fig. 4 represent the E g positions. Many single and polycrystalline materials exhibit sharp absorption edges with Urbach energies of E U ~ 10 meV [9] . Nevertheless, in CZTSe, CZTS, CZTSSe and hydrogenated amorphous silicon (a-Si:H), quite strong tail-state absorption is confirmed at E < E g owing to the presence of extensive disorder. The tail state formation in a-Si:H is caused by the random nature of the amorphous network [28] . Quite large tail absorption in CZTSe and CZTS has been attributed to cation disorder (i.e., Cu/Zn/Sn mixing) [29, 30] , while the tail state generation is negligible in Cu 2 ZnGeSe 4 (CZGSe) due to the suppression of the cation mixing [30] .
III. RESULTS
A. Simulated EQE spectra Figure 5 summarizes the EQE spectra calculated by applying the ARC method (θ = 0 o ) using the thin-film structure shown in Fig. 1 (b) and the α spectra shown in Fig. 4 .
The closed circles in Fig. 5 represent the E g positions of the absorber layers. Despite a rather thin absorber thickness assumed in the calculation, near 100% EQE is realized at E > E g by fully incorporating texture and antireflection-coating effects. The reduction of EQE in the short λ region (< 400 nm) is caused by the TCO parasitic absorption, whereas the longer λ limit is determined by the light absorber. When the absorber has extensive tail states, the corresponding EQE spectrum shows a noticeable EQE tail. This effect is quite significant in the disordered materials (i.e., CZTSe, CZTS, CZTSSe and a-Si:H).
From the EQE spectra shown in Fig. 5 , J 0 can be calculated using Eq. (4). We confirmed that the J 0 calculations under the strict integration using Eq. Figure 7 shows the maximum solar cell parameters obtained assuming the thin-film QE limit (closed circles) and the SQ limit (solid lines). For c-Si, the result for an absorber thickness of 150 µm is shown. The numerical values in Fig. 7 [9, [19] [20] [21] 26, [30] [31] [32] [33] [34] [35] are also shown.
B. Maximum efficiencies
In Fig. 7(a) , for many solar cells, J sc obtained in the QE limit is slightly lower than that of the SQ limit owing to the presence of (i) shadow loss of the front electrode, (ii) the non-zero R of the device and (iii) parasitic absorption in the front TCO and rear metal electrodes. However, some disordered materials (CZTS and CZTSSe) show notably higher J sc , compared with the SQ limit, because the quite strong tail absorption in these materials allows the light absorption in a spectral range even below E g . obtained in our QE limit calculation is also lower than that of the SQ limit [ Fig. 7(b) ]. This originates from larger J 0 in the QE limit, compared with the SQ limit, and is caused by the incorporation of finite tail absorption in the QE limit calculations.
Remarkably, the disordered materials (a-Si:H and CZT(S)Se) exhibit quite low max oc V than that of the SQ limit, owing to the strong EQE tailing in the longer λ region (see Fig.   5 ). As reported earlier [8, [36] [37] [38] , all of these disordered materials suffer from large V oc deficits. Our potential V oc calculation confirms that the large V oc deficit in these disordered phases is caused primarily by the presence of the tail states, which leads to the drastic increase in J 0 . Table I , confirming the validity of our simulation procedure.
The overall trend of FF is quite similar to that of V oc ; the QE limits are slightly smaller than the SQ limits and the large FF reduction occurs in the large-tail disordered materials [ Fig. 7(c) ]. In absolute values, however, the difference in FF between the SQ and QE limits is rather small.
The maximum conversion efficiency in the SQ limit (33.7%) is obtained at E g = 1.34 eV [ Fig. 7(d) ]. The maximum efficiencies derived from our QE limit calculation are notably smaller than those obtained from the SQ theory due to the limitation of J sc , V oc and FF. Rather surprisingly, however, even in the 1-µm-thick limit, over 30% efficiencies can still be obtained for CIGSe, InP, GaAs, CdTe and CZGSe, whereas hybrid perovskite solar cells show the maximum efficiencies of ~28% (see Table I ) due
to their E g being slightly higher than the optimum of 1.34 eV.
The calculated maximum efficiencies of the disordered materials can be categorized into two group; one group (CZTS and CZTSSe) shows relatively high efficiencies,
while very low efficiencies are obtained in the other group (a-Si:H and CZTSe). This can be interpreted by spectral matching; in the high efficiency group, spectral matching between the sun and EQE spectra is good and tail absorption works positively to increase J sc . In the low-efficiency group, the J sc gain is not sufficient because of the lack of solar irradiance in the corresponding tail absorption region, making the overall efficiency low. Thus, our calculation is quite valid to estimate the effect of tail absorption on the maximum achievable conversion efficiency.
C. Limiting factors of record-efficiency cells
Based on our thin-film limit calculation, the limiting factors of record-efficiency cells are evaluated. For this calculation, the solar cell structure of Fig. 1(b) is adopted but the absorber thickness is adjusted to those of the actual devices [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Figure 8(a) summarizes the calculated maximum conversion efficiencies in the thin-film QE limit ( max QE η ), together with the conversion efficiencies of the experimental record-efficiency cells (η ex ) reported in Refs. [5, 40, 44, 46, 47, 49, 50] . In Table II , the absorber thicknesses adopted in the actual calculations and the numerical values of max QE η and η ex are summarized. In Fig. 8(a) , the difference between the theoretical and experimental efficiencies is further categorized as the efficiency reduction ∆η caused by V oc deficit Fig. 8(a) are further summarized in Supplementary Table V. For the hybrid perovskite, the highest efficiency (23.7 %) is reported for (FAPbI 3 ) 1−x (MAPbBr 3 ) x , but the calculation was performed assuming a pure FAPbI 3 phase as x is small. As for c-Si and FAPbI 3 -based solar cells, the experimental solar cell shows a slightly higher J sc than max sc J . This is attributed to the lack of the front metal-grid electrodes in the experimental cells; although the shadow loss of 5% is assumed in our calculation, in the record-efficiency c-Si and FAPbI 3 -based solar cells, there are no front metal electrodes and J sc of these cells becomes higher. The presence of a large pyramid-type texture (c-Si) and a slight difference in E g (FAPbI 3 ) also contribute to increase J sc of the experimental cells. On the other hand, even though a CdTe-based alloy is used in the record efficiency solar cell (22.1 % in Ref. [5] ), the calculation result obtained for a pure CdTe solar cell (17.8% in Ref. [50] ) is shown in Fig. 8(a) due to the uncertainty of the absorber optical properties.
Among all the experimental solar cells, the GaAs cell shows the highest conversion efficiency [5] . As shown in Fig. 8(a) , the overall efficiency loss of the GaAs cell is quite small and the experimental efficiency is very close to the maximum limit. A slight negative ∆V oc obtained for the GaAs (see Table II ) is caused by the difference between the actual and assumed structures and more detailed discussion for the V oc loss in a GaAs cell is described in Sec. IV A.
In many other solar cells, including c-Si, hybrid perovskite, CdTe and CZT(S)Se, the main cause of the efficiency drop is attributed to V oc loss. In general, V oc can be related to FF [51] and V oc loss tends to increase with FF loss. In other words, many record-efficiency inorganic and hybrid perovskite solar cells are limited by ∆η Voc and ∆η FF . As confirmed from Fig. 8(a) , ∆η Voc and ∆η FF increase notably in polycrystalline absorbers (i.e., hybrid perovskite, CIGSe, CdTe and CZT(S)Se), suggesting the efficiency reduction by grain boundary recombination. In fact, the formation of larger polycrystalline grains has been the key for improved efficiencies in MAPbI 3 [52, 53] , CIGSe [54] , CdTe [55, 56] and CZT(S)Se [46, 47] solar cells. However, interface recombination is also expected to contribute to V oc loss in these cells (see Sec. IV C for MAPbI 3 ). In CIGSe solar cells, to suppress the interface recombination, a V-shaped Ga grading structure has been incorporated [54, 57] and, indeed, the CIGSe solar cell shows small ∆η Voc , compared with other polycrystalline solar cells (MAPbI 3 , CdTe, CZT(S)Se).
One of the remarkable features of hybrid perovskite solar cells is negligible J sc loss.
In fact, the earlier EQE analysis of the hybrid perovskite cells shows clearly that the parasitic absorption of all the component layers is very small and the efficient optical confinement is realized by metal backside reflection [19, 58] . Thus, quite high efficiencies confirmed for the hybrid perovskites can be interpreted by the very low optical losses. In contrast, all the chalcogenide-based solar cells (CIGSe and CZT(S)Se)
show rather large ∆η Jsc . This is mainly caused by the strong parasitic absorption in the Mo back electrode [18, 19] , which has been used commonly in these solar cells. In particular, the reflectivity at the semiconductor/Mo interface is quite low (~40%) [9] and strong light absorption occurs in the Mo rear metal. Thus, for the further improvement, a better optical architecture is necessary. The performance limiting factors of c-Si, hybrid perovskite (MAPbI 3 ), and a-Si:H solar cells are further discussed in Sec. IV. ). In this figure, each bar is divided into the contribution of ∆η Voc , ∆η FF and ∆η Jsc and, if the experimental efficiency is low, the height of the bar increases.
It can be confirmed that many high-efficiency inorganic and hybrid perovskite solar cells are limited by V oc and FF. At this stage, only two solar cells (GaAs and c-Si) show suppressed overall V oc , FF and J sc losses.
IV. DISCUSSION
A. GaAs solar cell
In the estimation of the maximum performance limit described above, a textured structure has been assumed, whereas flat structures have been adopted in Ref. [59] . This particular GaAs cell was chosen as the exact device structure is known. In this device, the photocarriers generated in both GaAs p and n layers are collected and the sum of these contributions provides excellent fitting to the experimental EQE. integrating J 0,λ of Fig. 9(b) , J 0 is determined. Similarly, J 0,λ of θ ≠ 0 o (R ≠ 0) in Fig. 9(b) shows the result calculated from Eq. (3) . Often, the potential efficiency calculations are performed assuming R = 0 and we also calculated the J 0,λ spectrum when R = 0 (θ = 0 o ).
For the J 0,λ calculations, S = 0.02 reported in Ref. [59] was adopted.
It can be seen from Fig. 9 that J 0 is determined primarily in the longer-λ region. The Experiment a -1.101 a Ref. [59] . significantly increases J 0,λ . Table III summarizes J 0 and max oc V obtained from Fig. 9(b) and the experimental GaAs cell. The result of Table III shows that ∆V oc of the high-efficiency GaAs cell is quite small (~40 meV), indicating quite suppressed non-radiative recombination in the cell. As confirmed from Fig. 8(a) , the efficiency of GaAs is mainly limited by J sc . The smaller J sc in the high-efficiency cells can be interpreted by unfavorable parasitic absorption mainly in the AlInP layer [∆J sc ~ 1 mA/cm 2 in Fig. 9(a) ].
B. c-Si solar cell
In Fig. 8(a) , the c-Si solar cell shows surprisingly high ∆η Voc , while ∆η FF and ∆η Jsc are negligible. As pointed out previously [60, 61] , in the indirect-transition c-Si solar cells, V oc deficit increases rather significantly by the Auger recombination (i.e., recombination within the bulk), while the defect-induced non-radiative recombination plays a minor role. Indeed, earlier works showed that the Auger recombination is the dominant recombination mechanism in conventional c-Si cells [60] [61] [62] and the variation of V oc with c-Si wafer thickness can be explained by considering only radiative (i.e., J 0 ) and Auger recombinations [62] .
For c-Si solar cells, to clarify the absolute performance limit, a quite detailed calculation has been made by incorporating Coulomb-enhanced Auger recombination, E g renormalization and free carrier absorption [63] . In particular, when the optical confinement based on the Lambertian scheme is assumed, the c-Si efficiency limit of 29.4% (V oc = 0.761 V, J sc = 43.3 mA/cm 2 , FF = 0.892) has been obtained for a 110-µm-thick c-Si solar cell without considering the shadow loss. Although this performance limit is exactly the same as that shown in Table I It should be noted that a quite thin absorber (~ 220 nm) is used for the record-efficiency a-Si:H cell [49] , to suppress the photodegradation effect [71] . The J sc of the solar cell is therefore limited severely by this thin layer thickness. Consequently, the low efficiency limit observed for a-Si:H can be interpreted by low V oc and J sc .
V. CONCLUSION
Maximum conversion efficiencies of 13 inorganic and hybrid perovskite solar cells in a 1-µm-thick physical limit have been evaluated by extending the physical theory established by Shockley and Queisser. The efficiency limits were evaluated by assuming a perfectly realizable thin-film solar cell structure and the strict evaluation of J 0 was implemented by fully integrating the blackbody radiation toward the thin-film solar cell placed within a spherical cavity. In the estimation of the thin-film maximum efficiencies, the effects of absorber tail absorption and optical confinement by texturing and back-side reflection have been incorporated explicitly. In contrast to the SQ limit, which is based on unphysical assumptions of infinite absorber thickness and zero reflection, our thin-film limit calculation provides realistic efficiency limit for record efficiency cells. For the absorbers with a sharp absorption tail (GaAs, CIGSe, CdTe, InP, CZGSe), over 30% efficiencies have been confirmed in thin film form. In contrast, the absorbers with disordered phases (a-Si:H and CZT(S)Se) show deteriorated efficiencies due to the presence of the strong tail absorption, which reduces V oc significantly. We find that the efficiency of a record-efficiency GaAs solar cell is quite close to the maximum limit, whereas many other high efficiency cells, including hybrid perovskite solar cells, are limited primarily by V oc and FF. Our rigorous approach is quite effective in evaluating the possible maximum conversion efficiencies and limitations of record-efficiency solar cells.
discharge-produced amorphous Si, Appl. Phys. Lett. 31, 292 (1977).
Supplementary Information
Maximum efficiencies and performance limiting factors of inorganic and hybrid perovskite solar cells
Yoshitsune Kato, Shohei Fujimoto, Masayuki Kozawa and Hiroyuki Fujiwara
Department of Electrical, Electronic and Computer Engineering, Gifu University, 1-1
Yanagido, Gifu 501-1193, Japan.
Contents:
1. Optical constants of component layers.
Supporting tables and figures.
Optical constants of solar-cell component layers used in thin-film limit calculation
The optical constants (refractive index n and extinction coefficient k) of the solar cell component layers (MgF 2 , Al 2 O 3 , In 2 O 3 :H, Ag) adopted in the thin film model shown in (S2)
In this equation, the first term shows the Tauc-Lorentz model [1, 2] and the second term indicates the Drude model. The Tauc-Lorentz peak is expressed by four parameters: i.e., the amplitude parameter A j , broadening parameter C j , peak transition energy E 0,j , and optical gap E g,j of the jth Tauc-Lorentz peak. The Drude model parameters of A D and Γ can further be related to the optical carrier concentration (N opt ) and optical mobility (µ opt ) [3] .
Using the parameters of Eq. (S2), ε 1 (E) can then be calculated from the Kramers-Kronig integration of each Tauc-Lorentz peak and the ε 1 contribution of the Drude term:
